Cell biology considers most animal tissues as assemblies of "individual" cells that rely on different contact-dependent communication mechanisms, including synapses, gap junctions or -a recent awareness -membrane nano-and microtubes.
Introduction
Membrane tube-based cell-cell connections, like tunneling nanotubes (TNTs) [1, 2, 3, 4] or tumour microtubes [5] were identified as core elements, allowing animal cells to establish or maintain efficient communication routes [6] , facilitating e.g. direct intercellular shuttling of cell components, including cell organelles, like lysosomes [7] and functional mitochondria [3, 8, 9] . Numerous in vitro studies, analysing dispersed cell systems, suggest that there may be a link between membrane tube formation, intercellular material transfer and detrimental conditions, such as metabolic strains or oxidative stress [10] . In this context, the establishment of membrane continuity between connected cells was described as a unique feature of TNTs, discriminating them from close-ended tubular cell-cell connections, like cytonemes, and revealing striking parallels to plasmodesmata of the kingdom plantae.
In contrast to the abundant gap junction protein channels, mediating direct cell-to-cell signalling between touching cells, TNTs -based on their peculiar, stretched morphology -are rated as individual, longhaul communication wires connecting single cell pairs. However, this perception may be significantly biased by the fact that TNTs -so farcan only be visualized in subconfluent cell cultures or in between dense cell assemblies, when they interconnect cell bodies that are not in direct contact. Thus, only a handful of studies address this topic in the in vivo situation [10] .
Consequently, although these connections have been extensively investigated, their occurrence and relevance in vivo and in vitro -in particular between directly adjacent cells -remains obscure, mostly, because of the lack of specific markers and their hiding in between the complex cell-cell contact zones.
Materials and methods

Cell systems, tissue preparation and culturing
Cell lines
Rat embryonic fibroblasts (REF52), Normal rat kidney (CRL-1570), HeLa, Madine-Darby canine kidney (MDCK), bEND.3 endothelial, H838 adenocarcinoma and human embryonic kidney (HEK293T) cell cultures were routinely cultured at 37°C and 5% CO 2 atmosphere in Dulbecco's Modified Eagle Medium (DMEM, Thermo Fischer Scientific) supplemented with 4.5 g/l glucose, 1% L-glutamine, 1% penicillin/ streptomycin and 10% fetal bovine serum (Sigma Aldrich). Cells were passaged at~80% confluency based on 0.05% trypsin/ EDTA (Thermo Fischer Scientific) treatment. To reach 100% confluency after 24 h, we optimized cell seeding using 4 well Nunc LabTek II Chamber slides (Thermo Fischer Scientific) with a surface area of 1.7 cm 2 and densities induce oxidative stress, cell monolayers were incubated with 50 µM H 2 O 2 (diluted in cell culture medium) for 2 h. Membrane cholesterol was deprived by incubating cell monolayers with 5 mM methyl-β-cyclodextrin (Sigma-Aldrich) added to the culture medium for 1 h.
2.1.2.
Induced human pluripotent stem cell-derived 3D neurospheres 7-10 days old induced human pluripotent stem cell (ihPSC)-derived neurospheres with diameters of~500 µm were kindly provided, prepared and cultured by Gwendolyn Bauersachs (Interdisciplinary Centre for Neurosciences, Heidelberg University). The detailed method (based on Human D1 iPSCs generated from healthy fibroblasts with a polycistronic lentiviral reprogramming vector encoding KLF4, MYC, POU5F1 and SOX2 [11] differentiated to neuronal precursor cells by using a modified spin embryoid body protocol with dual SMAD inhibition [12] ) will be described elsewhere (Bauersachs, Pruunsild, Bading, unpublished).
Acute mouse liver slices from hepatic lobe explants
Acute liver lobe explants from adult C57Black6-N mice were obtained from Christian Litke (Interdisciplinary Centre for Neurosciences, University of Heidelberg). Explants were sliced with a sterile razor blade into~1 mm thick slices and slice edges were subsequently removed. All preparation procedures were carried out on ice in DMEM culture medium supplemented with 10% fetal bovine serum and 1% Lglutamine. Importantly, explants were immediately prepared and analysed after explantation to avoid any artefacts from ex vivo handling. During experiments, individual slices were incubated in DMEM culture medium, supplemented with 10% fetal bovine serum and 1% L-glutamine.
Transfections and live cell dye stainings
Cells were transfected with alpha-tubulin-mCherry (Addgene accession number 49149) [13] or LifeAct-eGFP (Addgene accession number 58470) [14] encoding plasmids by JetPrime DNA transfection reagent (PolyPlus) following the manufacturer's protocol and analysed 24 h after transfection. Plasma membranes, mitochondria or lysosomes were stained with wheat germ agglutinin Alexa Fluor conjugates (Thermo Fischer Scientific), MitoTracker Red CMXRos (Thermo Fischer Scientific) or LysoTracker Green DND-26 (Thermo Fischer Scientific) respectively, following the manufacturer's protocols. For plasma membrane staining, 5 µl of WGA (final concentration of 20 µg/ml) were added immediately after the addition of protease solution. DiI crystals (Thermo Fischer Scientific, D3911) were seeded on cells by transferring crystals to the tip of a stainless steel needle, followed by dipping the needle into the culture medium. For DiI membrane dye transfer experiments between ihPSCs, neurospheres were transferred into DMEM filled LabTek chambers containing DiI crystals. The chambers were gently rocked and subsequently analysed by confocal fluorescence microscopy in regular time intervals. To apply DiI crystals to liver explants, slices were transferred into LabTek chambers filled with DMEM. DiI crystals were seeded into the medium as described and slices turned upside down prior confocal analysis. Importantly, for all DiI transfer experiments, serum free culture medium was used.
Immunocytochemistry and phalloidin staining
For immunocytochemical analysis, cells were preextracted for~5 s with 0.5% NP40, 1 mM MgCl 2 , 5 mM EGTA solution buffered with 80 mM PIPES/KOH (pH 6.8) and fixed with 4% paraformaldehyde/ 4% sucrose for 15 min at room temperature. Cells were subsequently rinsed twice with phosphate buffered saline (PBS) and incubated for 10 min with a 50 mM NH 4 Cl quenching solution followed by 30 min incubation with 1% BSA/ PBS blocking solution. Anti-alpha tubulin antibodies (T9026, Sigma Aldrich) were dissolved according to the manufacturer's recommendations in blocking solution together with 100 nM phalloidin-TRITC conjugates (Sigma Aldrich) and incubated for 30 min with the cells. After 2x rinsing with blocking solution, cells were incubated with anti-mouse Alexa Fluor 488 coupled secondary antibodies (715-545-150, Dianova). Note that in order to prevent damage to the fragile membrane tubes, e.g. by coverslip mounting, all steps were performed in 4 well LabTek chambers.
Protease-based cell singularization
For trypsin/ EDTA based singularization of confluent cell cultures, monolayers were prepared in LabTek chambers as described (see above). The culture medium was replaced by 500 µl of 0.5% trypsin/ 9.1 mM EDTA (Thermo Fischer Scientific) solution per well. For proteinase K-(10 mg/ml, Sigma Aldrich), Pronase-(2 mg/ml, Sigma Aldrich) and Accumax-(Innovative Cell Technologies) based singularization, cell layers were washed twice with PBS before the addition of 500 µl of the respective protease solution. Unless otherwise stated, treatments were carried out at room temperature to counteract instant cell detachment leading to enhanced cell clustering. For protease-based singularization of ihPSC-derived cells, neurospheres were stained with 20 µg/ml WGA-Alexa Fluor555 conjugates for 20 min at room temperature in DMEM and subsequently transferred into a 4 well LabTek chamber containing Accumax (Innovative Cell Technologies) protease dissociation solution. Cell dissociation was monitored by 3D confocal microscopy at room temperature. For protease-based visualization of membrane tubes in acute liver explants, individual slices were incubated for 20 min with 20 µg/ml WGA-Alexa Fluor555 conjugate solution and subsequently transferred into LabTek chambers containing a 20 µg/ml WGA-Alexa Fluor555/ Accumax solution. Importantly, any mechanical disturbance during the singularization process was avoided.
Microscopy
Scanning electron microscopy
For scanning electron microscopy, 0.5% trypsin/ EDTA-treated cell cultures grown on glass cover slips were fixed for 5 min at indicated time points by addition of a 2.5% glutaraldehyde/ 0.1 M sodium phosphate buffer (Sørensen) in a 1:1 ratio to the protease medium. This solution was -carefully -repeatedly replaced with the fixative and finally incubated for 1 h. Samples were then dehydrated by a graded series of ethanol and dried with a critical point dryer (CPD030, BAL-TEC). The coverslips were sputter-coated with 5 nm Au by metal sputtering and imaged with a Zeiss FESEM (ULTRA 55).
Bright-field and conventional fluorescence microscopy
Bright-field as well as fluorescence microscopy was performed with a monochromator-based imaging system (T.I.L.L. Photonics GmbH) mounted on an Olympus IX70 microscope (Olympus Optical Co. Europa GmbH) equipped with a 40x PlanApo NA 1.3 objective (Olympus Optical Co. Europe GmbH) and a triple-band filter set DAPI/FITC/ TRITC F61-020 (AHF analysentechnik AG). For 3D analysis, a piezo zstepper (E-662; Physik Instrumente GmbH & Co.) controlled by the TILLvisION System was used. The microscope was equipped with a 37°C heating control device (Live Imaging Services). Pictures were taken by a charge-coupled device camera (IMAGO-QE; T.I.L.L. Photonics GmbH) controlled by TILLvisION software (Version 4.01; T.I.L.L. Photonics GmbH). Note that due to the strong differences in the brightness of thin membrane tubes and cell bodies after WGA staining, presented images were contrast enhanced to better visualize the tubes in the presented figures.
Phase contrast microscopy
For phase contrast microscopy, we used a Carl Zeiss ID 03 Invertoscope inverted binocular microscope equipped with a 20x Zeiss FL-D NA 0.25 objective (Zeiss) and a full HD microscope camera (Bresser).
Confocal microscopy
Confocal fluorescence microscopy was performed on a Leica TCS SP2 laser scanning spectral confocal microscope (Leica Microsystems) equipped with a 63x HCX PL Apo objective NA 1.32 (Leica Microsystems).
Quantitative evaluation of membrane tubes
For 3D quantification of early tube numbers, cells singularized by protease treatment were stained by WGA-Alexa Fluor conjugates (see above). In the time window between 5 and 20 min, at least 12 randomly selected areas were imaged for each condition in three different zplanes. Maximal z-projections of respective stacks were created with ImageJ software and tube numbers were counted. Note that only tubes that showed the typical TNT characteristics, i.e. thin membrane tubes, spanned above the substrate and in between previously adjacent cells, were counted. Thus, e.g. sporadic cell extensions adhering to the substrate, filopodia or tubes that already started to fuse were not considered in this evaluation. In order to visualize membrane continuity-based connections between directly adjacent cells, we seeded rat embryonic fibroblast (REF), normal rat kidney (NRK) or HeLa cells at defined densities to form confluent monolayers after 24 h of incubation. Plasma membranes were stained with wheat germ agglutinin Alexa Fluor conjugates (WGA) and monolayers subsequently analysed by fluorescence microscopy (Fig. 1A) or phase contrast video microscopy. Cell monolayers were alternatively treated with 0.5% trypsin/ EDTA solution prior to WGA addition and analysed by avoiding any mechanical disturbance. Thereby, cells were quickly detached, leaving behind numerous membrane tubes, stretching between neighbouring cells above the substrate, resulting in expanded meshworks (Fig. 1B, Supplementary video 1) . Less frequently, attachments -likely classical retraction fibers -between cells and the substrate were observed.
Supplementary material related to this article can be found online at doi:10.1016/j.yexcr.2018.09.012.
The tube bases were found to display strong, patch-like WGA signals (Supplement 1) that could point to accumulations of glycosylated membrane constituents at regions of higher membrane curvature. In this context, the plasma membrane levels of inverted cone-shaped membrane lipids and raft constituents, such as glycosphingolipids, were proposed as key determinants promoting nanotube formation by mediating membrane curvature [15] .
Noteworthy, we did not observe an upper tube length limit, i.e. tube lengths were defined by the resulting cell distance and frequently exceeded 140 µm (Supplement 1B). Whereas some of the tubes and most attachments to the substrate disappeared within the first minutes of trypsin treatment, indicative of protein-based attachment sites being successively digested, the remaining ones withstood incubation times exceeding several hours (Supplement 2). Very similar, trypsin-resistant TNT networks were documented between e.g. dispersed human malignant pleural mesothelioma cells [16] . Importantly, membrane tubes could also be observed by treating monolayers with proteinase K or protease mixtures, like Accumax and Pronase (Supplement 3), or by using other cell systems from different origin and species, including various cell lines (Supplement 4), induced human pluripotent stem cell (ihPSC)-derived neurospheres or acute mice liver explants (Supplement Fig. 2 . Tube fusion involves the action of cytoskeletal elements and facilitates the invasion of cell organelles. REF cell monolayers were treated with 0.5% trypsin/ EDTA solution and resulting meshworks analysed by (A) time-lapse fluorescence microscopy (FM) following WGA treatment, (B) phase contrast video microscopy (PCM) or (C) SEM analysis after indicated time periods. Note that thin tubes fuse by the pointed outgrowth of individual thicker extensions (yellow arrowheads) from one or both contact zones. Fused connections were characterized by a large number of filopodia-and lamellipodia-like protrusions. D) Application of MitoTracker prior protease treatment revealed that, whereas mitochondria were only rarely detected inside the initial thin tubes (early), they numerously (white arrowheads) moved into the widening extensions after prolonged singularization times (late). E) Immunocytochemical analysis by α-tubulin antibodies and phalloidin-TRITC staining revealed that most of the fused connections contained larger amounts of F-actin as well as bundles of microtubules (arrows). F) Schematic model for the observed tube fusion process. Scale bars: (A-C, E), 20 µm; (D), 50 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 5). Together, these results point to a general phenomenon based on membrane continuity between the connected cells or on attachment sites with exceptional protease resistance.
Our results were reproducible by using lower concentrations of trypsin/ EDTA (0.05%) or varying incubation temperatures (between 37°C and room temperature), in both cases with varying kinetics. In order to reduce the risk of remaining protein-based attachment sites, we focused on the use of higher concentrated trypsin/ EDTA. Surprisingly, for REF and NRK cells, tubes started to fuse after prolonged observation periods, resulting in individual thicker connections (Fig. 1C) . This process (see below for details) was never observed for HeLa cells, where thin tubes persisted (Fig. 1C) .
Immunocytochemical and phalloidin-TRITC stainings, as well as double transfection with LifeAct-eGFP and tubulin-mCherry (Supplement 6) showed that most of the initial thin tubes contained filamentous actin (F-actin) but not microtubules (Fig. 1D) . Faint tubulin signals were observable only at the widening tube bases (Fig. 1D, arrowheads) . Again similarities to TNTs are evident, where F-actin was identified as a major scaffolding element [15, 3, 17] .
Ultrastructural analysis via scanning electron microscopy (SEM) revealed that thin tubes appeared with comparable morphology between all tested cell lines, displaying a "flat", tensed surface topology and diameters between 77 and 222 nm (Fig. 1E) . In some cases, individual tubes appeared twisted with each other (Fig. 1E, inlay) . Along the tubes, bud-shaped structures were frequently observed (Fig. 1E,  arrowheads) , which are reminiscent of travelling cargo vesicles [2] , membrane bulges [18] or membrane lipid/ raft constituents observed alongside TNTs [19] .
A quantitative evaluation showed that for each REF cell, we found on average 5.2 network partners, each connected by 7.1 ± 2.8 individual tubes -for NRK and HeLa cells, 5.4 partners connected by 7.3 ± 2.7 and 5.8 partners connected by 9.5 ± 1.7 tubes each, respectively (Fig. 1F) . To compare these results with the number of classical TNTs formed between respective cell types, we analysed untreated low-density cultures with regard to thin intercellular membrane tubes, stretched above the substrate, which is the current standard criterion for nanotube-based quantification assays. We found 11.1 (REF), 9.7 (NRK) or 13.2 (HeLa) TNTs per 100 cells that displayed the same surface topology and diameter measurements, i.e. only approximately 20% of cells were lightly interconnected. These numbers are in accordance with previous studies that analysed TNT formation between respective cell types [20, 21] .
Depletion of membrane cholesterol by treatment of cells with methyl-β-cyclodextrin (MβCD) reduced the number of protease-resistant tubes per connection by 84.5% (REF), 84.9% (NRK) and 87.4% (HeLa) (Fig. 1F) . On the contrary, treatment of cells with H 2 O 2 resulted in a significant raise of tube numbers by 66.2%, 39.7% and 36.3%, respectively (Fig. 1F) . This is in line with previous studies in which depletion of membrane cholesterol by MβCD [22] or inhibition of HMGCoA-reductase suppressed nanotube formation [15] , or in which treatment with H 2 O 2 -i.e. oxidative stress -increased TNT numbers [23, 24] , e.g. between rat primary astrocytes and C6 glioma cells [25] . These similarities once more suggest that the observed protease-resistant tubes are closely related or identical to TNTs.
Tube fusion involves the action of cytoskeletal elements and the invasion of cell organelles
To gain insights into the unexpected fusion process, we performed time-lapse fluorescence and phase contrast microscopy. Within 10-15 min after protease addition, cells started to "stretch" in the direction of the initial tube connections (Fig. 2, 11 min) . Individual tubes then started to fuse by the formation of thicker extensions, pointedly growing out from one (Fig. 2, 23 min, left) or both contact zones (Fig. 2, 23 min, right) . Also these structures had no contact to the substrate and sites of outgrowth were strongly labelled by WGA. The extensions, particularly their growth cone-like sections, appeared highly contrasted during phase contrast microscopy ( Fig. 2B) and their average speed of outgrowth measured was 3.1 ± 1.8 µm/min (n = 10) (Supplementary video 1) . Finally, extensions reached the targeted cells (outgrowth from one contact zone) or met somewhere in between the connected cells (outgrowth from both contact zones) ( Fig. 2A , 50 min; 2B, 37 min). Frequently, Y-or multi-nodal connections became apparent (Supplement 7). Like their thin precursors, thick connections withstood prolonged protease treatment exceeding several hours. Interestingly, the occurrence of thick membrane connections, including Y-junctions, resembles membrane tether formation between cells escaping from lymph node cancer prostate cell aggregates [26] .
Intermediate steps of the fusion process could be identified during SEM analysis (Fig. 2C ). The fused connections had diameters between 0.34 and 1.35 µm and their surface was characterized by numerous membrane protrusions with filopodia-and lamellipodia-like appearance (Fig. 2C) . Interestingly, tube fusion was accompanied by the movement of numerous mitochondria (Fig. 2D) and lysosomes (Supplement 9) into the outgrowing extensions (Supplementary video  2) . Time-lapse microscopy revealed that the fastest mitochondria moved at a speed of up to 0.78 µm/sec (Supplementary video 3) . Since the used live cell imaging dyes -in our hands -were not well retained within the cells and efficiently exchanged via diffusion, a finding supported by others [27] , we were so far unable to unequivocally prove or disprove tube-based intercellular organelle exchange in the given experimental setup.
The finding that organelles are only rarely detected inside thin tubes may be correlated with their small diameter and/or their actin-based backbone. In this context, it was shown that organelle transfer along TNTs can be strongly enhanced under cellular stress conditions -in particular oxidative stress by H 2 O 2 -and correlates with the occurrence of thicker connections that also contain microtubules [8] . Indeed, immunocytochemical stainings as well as double transfections (see above) revealed that fused connections, in contrast to their thin precursors, contained larger amounts of F-actin as well as bundles of microtubules (Fig. 2E) . Treatment of REF cells with the microtubule depolymerizing drug nocodazol reduced the formation of fused membrane connections between cells, whereas the microtubule stabilizing drug paclitaxel had no significant effect (Supplement 8). Together, this points to the joint action of F-actin and microtubules during tube expansion and efficient organelle transport (Fig. 2F ) and argues against passive membrane coalescence as observed for membrane tethers between GUVs [28] . Again, similarities to TNTs might exist, where the occurrence of thicker, F-actin and microtubule-containing tube subsets was described [3, 17] , for example, facilitating the stress-induced, intercellular exchange of mitochondria [8] .
3.3. Does intercellular dye transfer prove the existence of syncycial, membrane tube-based cell collectives?
To test whether the observed protease-resistant tubes -like TNTsmediate membrane continuity between connected cells, we performed dye transfer experiments, based on the lipophilic plasma membrane tracer DiI. To cope with rapid dye uptake, DiI crystals were seeded on cell monolayers right after trypsin addition, to provide a membranebound "reservoir" of dye molecules that compensates the amount of endocytosed material.
When a crystal settled on a cell, DiI distributed rapidly within its plasma membrane (Fig. 3A) . After accumulation, DiI spread along some of the tubes to one or more connected cells that had no contact to the dye crystal (Fig. 3A) , showing that respective cell membranes are in continuity (Supplement 10). The range of transfer seemed to be correlated to the size of the respective dye crystal. Larger crystals evoked saltatory spread across several cells (Fig. 3B, Supplementary video 4) . Importantly, the observed dye spread did not occur radially around the crystals, even when cells were in direct contact. Rather, DiI followed branched pathways within the network (Fig. 3, red arrows) . This clearly shows that neither direct contact, close proximity nor the existence of membrane tubes alone are sufficient to explain dye transfer between cells. Alternative explanations are that only a subset of tubes mediates membrane continuity and/or that efficient diffusion barriers might exist. It is important to note that the observed dye transfer was blocked at temperatures below approximately 25°C (Supplement 11). Along with previous findings that cholesterol seems to play a major role during TNT formation [29, 22] , it seems plausible that parameters like membrane fluidity and local membrane curvature are important gatekeepers controlling membrane tube-based transfer processes and cellto-cell fusion. Increasing concentrations of DiI -that specifically inserts into the outer membrane leaflet -may interfere with these barriers by altering membrane properties, a view, corroborated by its characteristic saltatory spread as well as recent suggestions that the leaflet-specific increase of cone-and inverted cone-shaped lipids may promote nanotube growth [15] .
To exclude that the observed DiI spread was an artefact of protease treatment or the use of cell monolayers, we seeded crystals on untreated cell monolayers (Fig. 3C, D) , hiPSC-derived neurospheres (Supplement 12A) and acute mice liver explants (Supplement 12C) as described. In all cases, similar dye transfer was observable between the densely packed cells, suggesting that they are also connected via membrane continuity-mediating tubes. This hypothesis is strongly supported by studies showing that TNTs can also be observed when touching cells move apart [1, 30, 31] . In summary, the described protease-resistant membrane tubesexcept for their considerably higher numbers and the fact that we were so far unable to unequivocally document intercellular exchange of organelles between the connected cells -showed striking similarities to TNTs and comparable nano-/ microtubular cell connections, suggesting that these structures are closely related. It stands to reason that membrane tube formation in dense cell collectives has different characteristics, compared to subconfluent cell systems. The substantially shorter cell-cell distances might strongly facilitate intercellular signalling, contact formation and promote tube stability, notions that might be of major importance for future studies comparing their in vivo vs. in vitro occurrence.
The surprising maintenance and expansion of long tubular connections after artificial loss of cell attachments might mirror important physiopathological processes, like anoikis or metastasis formation, that correlate with cellular detachment. In this context, it is important to note that membrane tether formation was observed for cells escaping lymph node cancer prostate cell aggregates [26] or in the context of tumour microtube-based interactions in astrocytomas [5] .
These new insights raise interesting questions that now have to be answered: Given that the observed tubes are indeed nano-/ microtuberelated, has their number between cells been considerably underestimated, because of the almost exclusive consideration of subconfluent cell cultures? Does the general occurrence of expanded, membrane continuity-based syncycia in animal tissues -as a potential homologue of the plasmodesmata-based plant symplast -provide unexpected corridors for metabolic cooperation between cells [32] and a simple explanation for a long series of puzzling observations, like the "mysterious trafficking" of proteins among cells [33] or the unexplained intercellular shuttling of cell organelles and pathogens, thatin a certain sense -challenge our understanding of tissue organisation based on cellular "individuality"?
